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Abstract
Based on the theory of membrane of huge deformation in elasticity, a computable model is presented to solve the
problem of pressure distribution on a human body from tight underwear. This model is steady and reliable. With
the help of this model, it is easy to solve the problem of describing wearing-dressed effect in Integrated Garments
CAD system.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction
In an intelligent clothes CAD system, the function of ﬁtting in 3-D is absolutely necessary. Considering
the function and satisfaction of clothes, the clothes CAD system should not only show the sculpture of
the clothes in 3-D, but also picture the pressure distribution on the human body and the temperature
exchange on the surface of human body. The problem of pressure distribution is the new scale in clothes
CAD system. It is related to the deformation theory of elasticity [2,3,7,8]. In this article, a computable
model is presented to solve the problem of pressure distribution from tight underwear to human body.
This model is based on the membrane of huge deformation of elasticity [1,4,5,9]. Firstly, it calculates the
stress on the particle of the deformed underwear. Secondly, the theory of minimum potential in elasticity
and the method of Lagrange Multipliers are cited to calculate the pressure from the underwear to the
human body.
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This problem can also be stated as follows.We assume that the geometrical parameter of the underwear
and human body, the characters of the underwear material and the position of the boundary of underwear
are already known. The human body here is a standard rigid body. What we want to know is the pressure
distribution on the human body from the underwear. First of all, we put the underwear on the human body
to ﬁx the position of underwear on the right position of the human body. At this time we can calculate
the stress in the underwear because of the stretch. Then we can get the pressure value on the human body
because of the strain of the underwear. The pressure is along the normal direction of the contact plate.
2. Calculating the stress of the huge deformed membrane
Underwear is put on the body. It changes from the natural style to the tense style. As Fig. 1 (the states
of underwear before and after deformation) presents below, we can calculate the stress Pi on the point A′i
by the deformation of the underwear. The surface equation is presented in a cylinder coordinate system.
The equations of the underwear before and after deformation are:
{
r = r(, z),
02,
0z〈h〉,
⎧⎨
⎩
R = R(, Z),
02,
0Zh,
(1)
where h is the height of the human body.
In the process of the deformation of the underwear, the pointAi deformed to the pointA′i . Correspond-
ingly, the element plate ds dl where point Ai passed by deformed to the element plate dS dL where point
A′i passed by
r ′z =
r
z
, R′Z =
R
Z
(2)
Fig. 1. The states before and after deformation.
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we get equations by the differential geometry{ds = [(dr)2 + (dz)2]1/2 = [1 + r ′z2]1/2 dz,
dl = r(, z) d, (3)
{dS = [(dR)2 + (dZ)2]1/2 = [1 + R′Z2]1/2 dZ,
dL = R(, Z) d. (4)
The stretch rates of point A along two directions are 1,2. So we can deduce the following equations:
1 = dS − dsds =
(
1 + R′Z2
1 + r ′z2
)1/2
dZ
dz
− 1,
2 = dL − dldl =
R(, Z)
r(, z)
− 1, (5)
then we calculate the principal curvatures k1 and k2 of the surface passing by point A′i
R′S =
dR
dS
, R′′S =
d2R
dS2
, R′′Z =
d2R
dZ2
, (6)
k1 = ± ddS ≈ ±
d2R
dS2
√
1 − R′S2
,
k2 = sin 
R
= 1
R
√
1 − R′S2, (7)
then we can simply ﬁgure them out
R′S =
R′Z√
1 + R′Z2
,
R′′S =
R′′Z
(1 + R′Z2)3/2
. (8)
Combining Eqs. (7) and (8), we can get k1 and k2.
According to Hooker’s Law, the resultant stress of point A′i on deformed underwear is Pi [10,11]
Pi = k1T1 + k2T2 (9)
T1 and T2 in above equation are stresses in the two stretched directions of the underwear⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩
T1 = 2C1h
(
1
2
− 1
21
2
2
(
1 + C1
C2
22
))
,
T2 = 2C2h
(
2
1
− 1
21
2
2
(
1 + C2
C1
21
))
,
(10)
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C1 andC2 are stretchmoduli along the two stretched directions of the underwear. Then stressPi is already
known. It is the condition to calculate the load conversion.
3. Load conversion
Repeating the stepsmentioned above, we could get stresses on a serial of points {A′i}ni=1 of the deformed
underwear marked as {Pi}ni=1. ({A′i}ni=1 are the aggregate of the discrete points which constitute the
deformed underwear). Now we will calculate the pressure {Pi,j }mj=1 on the structure points {Bj }mj=1 of
human body due to the stresses {Pi}ni=1 of the deformed underwear. Where m is the amount number of
the structure points of human body.
Pi =
m∑
j=1
Pi,j (11)
which due to the positive direction stress Pi is the pressure on point Bj . The stress Pi on the point
A′i (i = 1, 2, . . . , n) of the deformed underwear impress pressure Pi,j upon the structure point Bj(j =
1, 2, . . . , m) of human body.We calculate the elastic potential of total m structure points of human body.
We get
E = 1
6KJ
m∑
j=1
P 2i,j l
3
j ,
lj =
√
(xi,j − xi)2 + (yi,j − yi)2 + (zi,j − zi)2, (12)
where “K” is the section moment of inertia, and “J” is Young’s modulus. And {Pi,j }mj=1 balance the
equation:⎧⎪⎪⎨
⎪⎪⎩
m∑
j=1
Pi,j = Pi,
m∑
j=1
Pi,jL
Pi,j
j = PiLPii ,
Lj =
√
x2j + y2j + z2j , Li =
√
x2i + y2i + z2i ,
L
Pi,j
i,j = Li,j sin(j ), LPii = Li sin(i), (13)
xj , yj and zj are the coordinates of point Bj in rectangular coordinate system. xi , yi and zi are the
coordinates of points A′i in rectangular coordinate system. j is the angle between Pi,j and Lj ; i is the
angle between Pi and Li . As a pressure on the conic surface (Fig. 1), Pi and Pi,j must be on the vertical
110 X. Luo, H. Luo / Journal of Computational and Applied Mathematics 195 (2006) 106–112
of the conic surface. So
L
Pi,j
i,j = Li,j sin(j ) = zi,j / sin ,
L
Pi
i = Li sin(i) = zi/ sin  (14)
and Eq. (13) can be simpliﬁed as:⎧⎪⎪⎨
⎪⎪⎩
m∑
j=1
Pi,j = Pi,
m∑
j=1
Pi,j zi,j = Pizi.
(15)
According to the theory of the minimum potential of elasticity [6], E should be minimum to make the
structure stable. So the question reduces to the extremum problem of E restricted by Eq. (15).We can use
the method of Lagrange Multipliers to solve the extremum problem. Set function
F(1, 2) =
n∑
i=1
(
1
6KJ
P 2i,j l
3
i − 1Pi,j − 2zi,jPi,j
)
. (16)
We get minimum E when

Pi,j
F (1, 2) = 0, (17)
then we get
Pi,j l
3
j = 3KJ(1 + 2zi,j ). (18)
According to Eqs. (15) and (17), we get
AW = B, (19)
where
W = (1, 2)T, B = (Pi, Pizi)T,
A = 3KJ
⎡
⎢⎢⎣
m∑
j=1
l−3j
m∑
j=1
zi,j l
−3
j
m∑
j=1
zi,j l
−3
j
m∑
j=1
z2i,j l
−3
j
⎤
⎥⎥⎦ .
Since points are not on one line, we have detA> 0. Combining Eqs. (18) and (19), we can get pressure
on the body
Pi,j = l−3j Pi detDj/ detA,
Dj =
⎡
⎢⎢⎣
1
m∑
j=1
zi,j l
−3
j
zi,j
m∑
j=1
z2i,j l
−3
j
⎤
⎥⎥⎦ . (20)
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Fig. 2. The pressure distribution on a leg.
Until now, we get the whole computable model of the pressure distribution on human body of the tight
underwear. Fig. 2 (the pressure distribution on a leg) is the application result of two underwears made
by different materials. When we change the assumption of rigid body to elastic body, we can use above
model iteratively to get the pressure distribution on human body at last.
We summarize the basic steps of the algorithm. First of all, we calculate the stress Pi on points A′i
of deformed underwear. Then we calculate the pressure Pi,j separately on structure points Bj for every
stress Pi and educe the Pi,j (j = 1, 2, . . . , m). Finally we calculate the pressure P ′i,j on structure points
of human body Bj due to the deformed underwear. P ′i,j is the pressure distributed on the human body
due to the tight underwear.
4. Conclusion
This paper gives us a computable model by utility of the theory of huge deformation of membrane in
elasticity and the load conversion method. This model solves the pressure distribution problem well in
3-D clothes CAD system. Because of its simplicity and stability, the model is a good choice to calculate
the huge deformation of membrane in elasticity and load conversion. We should point out that the model
we used here is based on a standard unalterable human body. It is necessary to do further research for a
new model, which is based on a normal alterable human body.
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